As an introduction to the entire volume, this article outlines the relationships among the five elements of the Census of Marine Life (CoML) that create new knowledge: (1) The Ocean Biogeographic Information System (OBIS), a marine component of the Global Biodiversity Information Facility, links marine databases around the world to provide an Internet accessible, dynamic interface for comparing species-level, geo-referenced biodiversity data in relation to ocean habitats. The entire CoML field project data will be managed in and accessible through OBIS. (2) The History of Marine Animal Populations (HMAP) is a unique new synthesis of historical and biological research that will document marine biodiversity, globally, up to 500 years ago, before significant human impact, and store it in formats compatible with modern data in OBIS. (3) The Scientific Committee on Oceanic Research Working Group 118 monitors and recommends advanced marine technologies, ready to be routinely used in CoML field projects. (4) CoML Initial Field Projects develop and calibrate these technologies in selected regions to facilitate and accelerate global biodiversity research. As calibrated technologies and protocols are adopted in many regions, qualitative and quantitative biodiversity discoveries accumulate. (5) The Future of Marine Animal Populations (FMAP) program will insure that the data in OBIS are suitable for modeling and predicting changes in global biodiversity in response to fishing, pollution, and climate change challenges. It will make datasets available for hindcasting and forecasting analyses linked to physical ocean observations and assist in documenting the impacts of conservation efforts on sustainability.
Introduction
By the latter half of the 1990s, it had become clear that oceans, routinely treated as limitless sources and sinks for human consumption and waste, were changing in response to intense fishing, pollution, and climate change (NRC, 1995) . The recognition that science has sampled less than 0.1% of the volume of the oceans led to the convening of a series of workshops focusing on the question of whether it is possible to document what lives there, so that the changes can be monitored and understood (Ausubel, 1999) . The outcome of these was a recommendation for a comprehensive international research program called the Census of Marine Life (CoML). The purpose of the CoML is to assess and explain the diversity, distribution and abundance of marine organisms throughout the world's oceans (Ausubel, 2001) . It is organized around three questions: what did live in the oceans? What does live in the oceans? What will live in the oceans?
The oceans occupy over 70% of the earth's surface and 90% of the volume of its biosphere; documenting the life that exists in this part of the planet is a huge challenge. The 200 scientists who participated in the workshops, however, agreed that new technologies available at the turn of the millennium have made it plausible to ask and answer these questions. Although the precision of the census cannot be predetermined and costs are estimated to be in the billiondollar range, major advances are possible on a schedule that can contribute usefully to the knowledge base necessary to manage an environment under increasing pressure.
It has also become clear that, while costs for new research are significant, especially on a global scale, a great deal of sampling is already being done. In addition to existing international and governmental monitoring programs, industries such as transportation, fishing, oil exploration and mining are sampling the oceans in a variety of ways on a continual basis. The real key to conducting an assessment of life in the oceans is cooperation and collaboration among scientists and stakeholders, together with the use of computer and Internet technology to bring global data and expertise together.
In 1999, a group of 10 senior marine scientists from around the world formed the Scientific Steering Committee (SSC) for the CoML. This group agreed that the first steps in the creation of the CoML were the assembly of existing data and the development of a data management system to make this information accessible to scientists around the world. The next step was the development of a series of field studies to collect new information on life in the oceans. Finally, the use of these new and historical data can be combined with mathematical ecosystem models to provide predictions of the future state of marine communities.
In order to assemble data on marine organisms before the era of modern fisheries management, the CoML initiated a project called the History of Marine Animal Populations (HMAP). Historians, anthropologists, and biologists formed an international consortium to "rescue" historical records of distribution and abundance. This rescued history will create a new vision of ocean life as it existed before major human impacts and will provide a historical context for new information collected.
At the same time, the CoML established the Ocean Biogeographic Information System (OBIS), ultimately a massive global network of interoperable databases. This Internet-based, distributed system will be able to access not only maps of the distribution and abundance of living organisms, but also of the chemical and physical characteristics of the environment in which they live.
The SSC also initiated the development of a series of field projects (Fig. 1 ), designed to demonstrate new quantitative approaches for sampling a full spectrum of life forms in the major ocean habitats. Six of these are now underway and their initial results are the subject of later papers in this volume. All data from these projects will be assembled in and made available through OBIS. These projects are the initial phase in a series of projects to be conducted worldwide in a variety of habitats.
The project, Natural Geography In Shore Areas (NaG-ISA), first started in the Pacific, is intended to develop a simple, standardized approach to describe the biodiversity from the shore to a depth of 20 m meters at selected reference sites. NaGISA builds on the 5-year planning effort of Diversitas Western Pacific and Asia (DIWPA), an international program that aims to promote and facilitate biodiversity research in the western Pacific region. The Diversitas program, supported by UNESCO, SCOPE, IUBS and other international organizations, created the International Biodiversity Observation Year (IBOY) to increase international biodiversity studies. Currently, 23 countries have agreed to the protocols (Shirayama et al., 2002) . Fig. 2 indicates the extent of the NaGISA project. Phase 1 will develop a 15,000 km latitudinal gradient of transects at approximately 500 km intervals. Phase 2 will develop a comparable longitudinal gradient, and Phase 3 will circle the Pacific and Indian Oceans. The goal is to eventually expand this project to similarly cover the millions of kilometers of coastline around the world.
NaGISA holds a unique position in the CoML as an ambassador project, linking CoML to local interests. It focuses on the narrow inshore zone of the world's oceans at depths of less than 20 m, the area that people know best and impact most. Sampling in this zone can be done routinely and inexpensively, and it is of great interest to nonscientists. Thus, NaGISA is ideally suited to generate public interest and involvement and its aim is to achieve wide coverage with standardized techniques that will provide a biodiversity baseline for future comparisons. The ultimate goal is a series of well-distributed standard SCUBA transects from the shore to 20 m depth around the world, which can be repeated over a 50-year or even greater time frame. Initial analysis will require the development of a team of experts to travel to collection sites and examine samples, because many nations no longer release biological specimens. The proposed "caravan" of experts will in fact be a valuable capacity building tool and local participants will be encouraged to expand their interests through student and postdoctoral programs.
The coastal project in the Gulf of Maine (GoMe) brings together teams of US and Canadian scientists to develop an integrated view of marine life in an already well-studied marginal sea, taking advantage of advanced technologies and monitoring systems already operating there.
The Mid-Atlantic Ridge Ecosystem project (MAR-ECO) is addressing the challenge of measuring diversity and abundance in the very deep water column over one of the largest physical features in the ocean. This project will combine state-of-the-art sampling gear with high-resolution bathymetric surveys to characterize the communities and bottom topography along selected areas of the Ridge.
The most recently discovered and poorly characterized ecosystems, associated with geologically defined deep-sea seeps and vents, are the targets for the Biogeography of Chemosynthetic Ecosystems project (ChEss). This study will examine already-discovered and new communities to form a global biogeographic understanding of their composition and distribution.
Two projects in the Northeast Pacific use advanced telemetry techniques. These techniques make it possible for the animals themselves to report on their movements and the rapidly changing environments in which they live and on whose associated organisms they depend. The Pacific Ocean Salmon Tracking (POST) project uses coded acoustic tags in animals as small as 25 g to record migrations along the highly productive continental shelf of western Canada and the US. The Tagging of Pacific Pelagics (TOPP) project uses satellite telemetry to track movements of large preda- tors across the entire Pacific Ocean basin. These new approaches should make it possible to identify and sample biological hot spots and to estimate abundances on ocean scales from limited, but strategic, direct sampling.
The CoML recognizes that there are already many organizations with responsibilities for managing ocean resources. Most have come to recognize the need for broader understanding of ecosystems to improve their ability to predict the biological impacts of climate change, harvesting and other human interventions. The final element in the CoML, the Future of Marine Animal Populations (FMAP), is focused on data management to maximize the coverage and precision of the data acquired through all elements of the program and to make then available, through OBIS and appropriate mathematical models, to groups that require them. To have any hope of predicting the unknown future, models must be able to predict the known past, so OBIS will provide data and a testing ground for biodiversity hindcasting using these tools.
Cooperation
The oceans form a large global system in which processes are closely linked, physically and biologically. Understanding their biodiversity requires comprehensive coverage in space as well as time. The goal of global coverage is fundamental to the CoML concept, not just the dream of over-ambitious scientists.
In order to achieve this goal, it is crucial that the CoML integrate with existing programs and form new cooperative efforts around the world to obtain the data needed to characterize life in the world's oceans. There are several key efforts that the CoML is building to accomplish this. One is the assembly of or access to species-level biodiversity information already collected or being collected by national and intergovernmental organizations, industry, and other groups. A second effort is the formation of national or regional committees for the CoML around the world to help develop and oversee the implementation of new field Fig. 2 . Adding polar region survey sites from Alaska to Antarctica creates a north-south series of transects spanning over 15,000 km (Phase 1). The illustrated east-west series provides an essential scientific comparison and an opportunity to build regional CoML support in Africa and the South Pacific (Phase 2). Phase 3 will build on the developed expertise and provide a comparable dataset for boundary current coastal zones along the Americas and Africa.
projects. Finally, the CoML is fostering rapid, efficient, quantitative sampling techniques to better reach areas of the oceans that have not been well sampled before.
The primary focus of the CoML is on documenting patterns of biodiversity throughout the world's oceans, concentrating on macrofauna and habitats that are poorly sampled or not explored at all. However, CoML is fully aware that it must take full advantage of unique sampling opportunities to share collected material with other programs and that the information assembled in OBIS will have enduring value to other programs. The collaborations outlined below take advantage of these synergies, and have led to an increasing participation in the program by scientists from around the world (Fig. 3) .
Access to information
In 2001, OBIS became the marine associate for GBIF (see Table 1 for acronyms.), established in Copenhagen under the OECD. In this role, OBIS will be the primary means of access to marine data for GBIF. Efforts to assemble and access fisheries data in OBIS will be a major component of a CoML Session at the Annual Science Conference in 2002 of ICES. Parallel efforts on Pacific species will be a part of CoML's ongoing collaborations with PICES. In addition to these two organizations, CoML is also preparing to enter into a collaboration with the Fisheries section of FAO. These efforts with intergovernmental organizations should result in access to all the fisheries survey data available around the world.
To date, the most successful collaboration that CoML has developed with industry and conservation groups has been a joint effort between the OGP Deep Water Environmental Taskforce and UNEP's WCMC. British Petroleum has agreed to provide all its environmental data to the WCMC. The OBIS office is working to integrate the marine component of this with other databases in the system. In addition to the mutual benefit of sharing data, the protocols developed for deep-water sampling in the MAR-ECO project could also serve needs of the Taskforce. A CoML investigator recently illustrated the value of such data by discovering a new species of 10 m-long deep-sea squid from videos generated by the oil and gas industry from around the world (Vecchione et al., 2001 ).
Implementation committees
A worldwide research program aimed at collecting new information on marine species cannot be designed and implemented by a single central committee such as the SSC. Field programs must be developed on an ecosystem basis and funded at a local level. For this reason, the CoML is fostering the formation of implementation committees at two levels. The firstis, at the national level in countries with major ocean research capacity to establish project and funding priorities and the second, is at the regional level to strengthen the collaborative efforts where large ocean areas are associated with countries having limited research capacity.
Canada, with CoML field projects on both its Atlantic and Pacific coasts, held a workshop in February 2002 to form a national committee. The major products were a review of existing biodiversity information in three oceans to meet commitments to the UN Convention on Biological Diversity and a commitment to incorporate the DFO longterm survey data into OBIS. Processes for the formation of CoML national committees are underway in the USA, the European Union, Japan and Australia.
The most advanced regional committee process has evolved from the joint meeting of IABO and IAPSO. This meeting took place in Mar del Plata, Argentina in October 2001. A CoML Symposium there laid the groundwork for a South American workshop in Concepcion, Chile, jointly sponsored by CoML and POGO. POGO is a group whose members represent the major marine and oceanographic institutions from around the world. Their focus is on building capacity in marine research around the world, particularly for observations in the southern hemisphere. The main focus of this workshop will be on establishing international collaborations for new CoML field projects in southern hemisphere ocean habitats. There is also strong interest in expanding the concepts of the existing projects to provide sampling coverage of a greater proportion of the world's oceans.
New technology
The CoML recognized very early that there is a need for new technologies to sample marine life. In the past, the "impenetrable" nature of the ocean, due to its depth and lack of light, as well as difficult environmental conditions, such as extreme temperatures and sea conditions, has made it almost impossible to sample all but the near shore and near surface areas. In the past decade or so, there have been many new developments or improvements in old technologies that enable us to better "see" the life in the oceans. These include platforms such as ships, fixed moorings, ocean-going drifting buoys, remotely operated and autonomous underwater vehicles, satellites, and even "living probes." In addition to these, improvements to sensors mounted on these platforms, including optical and acousticbased systems, have been developed. These new field methods that can take samples remotely and frequently have also been combined with satellite transmission to greatly increase the rate at which data are accumulated, creating a need to better handle large volumes of data. The OBIS system is poised to deal with this issue in the future. In spite of these new technologies for sampling organisms in the field without removing them, it is likely that, in some marine environments, samples will still need to be collected for further analysis in the laboratory. For this reason, there is a need to develop rapid, reliable methods for taxonomic identification. These will include not only three-dimensional imaging systems for morphological identification, but also rapid genetic analysis methods as well.
To explore the issues of technology, CoML has formed collaborations aimed directly at this topic. Two of the most advanced collaborations are through Working Group 118 of SCOR and POGO. The former group meets regularly to review and recommend new technologies for use in the field projects. POGO, as mentioned before, is keenly interested in ocean observations and shares the CoML's goal of increasing the amount of biological information returned from the extensive automated monitoring systems that will one day form GOOS, a worldwide ocean observing system sponsored by the IOC, and another group with great interest in and support for the CoML. The CoML is primarily interested in the rapid implementation of technologies ready to be tested and calibrated in the field, rather than development 
Integration
CoML's unique niche among global marine research programs comes from its focus on diversity at the higher levels of food webs, the consequent requirement for extensive taxonomic expertise to characterize undescribed species, and special interests in timelines extending back beyond the limits of modern ocean science. This focus arose from widespread recognition that declining biodiversity has been a consequence of climate change and human impacts on ecosystems. Good examples of direct economic impact from this decline were once limited to the terrestrial realm, but have now become clear in the oceans. Thus, international groups are beginning to recognize the need for integration of CoML biodiversity information for both management of commercial fisheries and prediction of the potential impacts of climate change.
Single-species management of fisheries around the world has failed to provide sustainability because it does not accommodate the shift by fishermen from harvest of heavily exploited, regulated species to poorly studied, noncommercial species. Most major fisheries agencies are moving toward multi-species or ecosystem management, which requires information about the non-commercial and rare species that are the focus of the CoML. In many cases, there are no taxonomic experts available to these agencies to even describe the species making up the system with the details required, let alone monitor it routinely.
Similar examples of unanticipated effects of biocomplexity emerged from climate change studies such as GLOBEC. On Georges Bank in the GoMe, USA, blooms of planktonic jellyfish consumed small planktonic grazers that would normally have been food for larval fish. These blooms are thought to be related to changes in water conditions as a result of climate change; the impact of this on the future populations of adult fish is unknown (Madin et al., 1996) . Under some conditions, such massive removal of species by large predators overwhelms changes in primary production and carbon dioxide fixation that would have been predicted from the availability of sunlight and nutrients. In this example, the details of the biological diversity proved critical for understanding and modeling ecosystem performance.
The CoML is well prepared to provide special expertise to meet these newly recognized needs in exchange for access to sampling opportunities, while merging new and existing data into OBIS. The added societal value of biodiversity data on critical ecosystems for understanding both commercial harvesting dynamics and the impacts of climate change is very high, and cooperation with resource management agencies should increase the geographical coverage available for characterizing biodiversity patterns. FMAP is an effort by CoML to insure that these data are available to function interactively with other research programs. The formative meeting of FMAP, held in Halifax, Canada, in June 2002, identified many goals, among them, improving the statistical design of the census, improving spatial models for understanding animal distributions and establishing standard entry formats for fisheries survey data. OBIS will insure that as many fisheries survey databases as possible are available for the modeling efforts aimed at management of fisheries for sustainability and prediction of climate change impacts and FMAP will insure their accessibility.
The future
The primary goal of CoML is to explore within the next decade, poorly known and even well-studied areas of the world's oceans to gather reliable, quantitative data on the distribution and abundance of marine species, both new and already described. At the end of the program, in addition to the knowledge collected, there will be three legacies that will last far into the future. One legacy will be OBIS, a distributed network of databases, accessible through the Internet, that will provide GIS maps with entirely new data, historical data, and data on related physical and chemical parameters. As long as the system is maintained, OBIS will remain a tool for analyzing and predicting the changes in the oceans of the future and can be easily updated. A second legacy will be a set of new sampling technologies and techniques, for use both in the field and laboratory, and a set of analytical models that have been tested and calibrated for routine use in the assessment and explanation of marine biodiversity. These technologies will be used to gather new data and analyze them in combination with the historical data, all in the context of OBIS. In addition, they will provide an economical basis for ongoing biological monitoring, combining shipboard techniques with satellite and other modern ocean observation methods. The third legacy of CoML will be the working relationships that will have been established among all marine sectors and a recognition that it is to everyone's benefit to share our understanding of the oceans to better preserve them as the common heritage of humanity.
The CoML grew out of recognition by the scientific community of the importance of biodiversity, before most traditional funding agencies did so. Support for the concept from non-traditional funding sources has been used to build alliances with key international groups that recognize the unique capabilities of CoML. In order for the CoML to truly succeed, new field projects must be carried out in all regions of the world, with collaboration from many nations and organizations, using money, equipment, and expertise from many sources. The CoML program has already significantly advanced scientific understanding based on its activities to date. To reach its full potential, however, it will require much more direct financial support of its field activities, as well as extensive collaboration to increase data assembly and new sampling opportunities.
There are two ways in which the CoML expects to move forward on new projects-expansion of existing projects and development of new concepts for projects. Currently, the CoML supports six field studies, half based in North America and half in northern Europe or Japan. Each of these initial projects is demonstrating the use of a new technology or technique for collecting data on distribution, abundance, or diversity. Since the use of new technologies plays a key role in the projects that make up the CoML, the plan is to expand the sampling methods developed in these projects into other areas of the ocean. Thus, the initial development costs are borne by nations that have this capacity and expertise. Expansion of the projects will benefit other nations by providing tested methods and experts who can train others. Industry will benefit from the ability to sell technology that has been tested and approved for routine research use.
Expanded coverage of the ocean using the methods of the six initial research projects has already started. There is a funded prototype project in Australia based on the POST approach and there is considerable interest extending TOPP across the North Pacific and into the South Pacific. The possibilities for extending MAR-ECO and ChEss into the South Atlantic will be key questions at the POGO workshop in Chile. The NaGISA project began with a focus on the western Pacific, but plans are underway to extend it along the eastern Pacific coastlines of North and South America and along the shores of Antarctica.
The a priori selection of six promising projects to initiate the field phase of the CoML and then to promote their expansion throughout the world does not preclude the identification and support of additional new project concepts as other papers in this volume demonstrate. There are still many habitats for which sampling approaches are lacking, and the CoML is eager to encourage the development of concepts for future support by the program. The new CoML national and regional implementation committees will be the key to identifying these new concepts. The efforts to create these committees are aimed at broadening interest in the program and in promoting the vision of distributed costs and responsibility.
Expansion of the six initial projects and development of new project concepts are essential for the overall program. Many areas of the oceans are unexplored and most of these are not geographically close to the nations with the greatest research capacity and expertise. For example, assessing the patterns of biodiversity will require much more effort in the southern hemisphere, since over 70% of the ocean habitat is located there and, thus, fewer countries. Another example is the measurement of biodiversity in the polar regions where, until recently, few technologies existed to examine the marine communities. The same is true of the deep ocean basins and trenches and seamounts.
In addition to investment in the collection of new data with new technologies on species diversity, abundance, and distribution, collaborators in the CoML will also gain in other ways. Another major advantage of collaborating with the program is the capacity to integrate information from previous and new sampling efforts into OBIS to obtain a global perspective.
